Energy deposition and defect generation in the gate oxides of MOS devices irradiated with 10 keV xrays are analyzed.
Introduction
There is a growing use of x-rays of approximately 10 keV to test the radiation hardness of MOS devices. The proper use of such a technique may require an understanding of the energy deposition and defect production mechanisms which are active. For example, proper comparison of hardness testing results obtained using 10 kev x-rays with results obtained using Co-60 irradiation will require allowance for the energy dependent differences in the processes involved in the production of interface states and trapped holes.
One important aspect of this problem of energy dependent production processes is the non-equilibrium deposition of energy which is to be expected in the small volumes of material which are characteristic of MOS structures.
In particular, it is expected that for irradiation with 10 KeV x-rays there will be an enhancement of the dose in the thin gate oxides resulting from the influx of energy which was initially deposited in the adjacent Si. Calculations of the magnitude of this effect have been published previously.
Brown has calculated average absorbed dose enhancement factors for energy deposition in SiO2 for several values of oxide thickness between 25 and 2000 nm.1 Calculations by Burke This paper will present the results of a calculation of the effect of electron rollout on the enhancement factors appropriate for use with 10 keV x-ray irradiation of MOS devices. First, a review will be given of an earlier calculation method in order to set the background for the calculation methodology and to single out, for consideration and improvement, a problem with that methodology. Secondly, the key role of low energy electrons in the generation of holes will be developed.
Thirdly, the importance of considering the enhancement of hole generation rather than the enhancement of absorbed dose will be emphasized.
Finally, the results of calculations of hole generation enhancement factors will be presented and compared with previous work.
Key Assumptions of Earlier Calculation
The energy loss scheme used in Ref. 1 is shown schematically in Fig. 1 .
Note that the photons deposit most of their energy as the kinetic energy of electrons. After that transfer of energy takes place it is the transport of electrons which must be treated; the initial photons are of no further concern. Note, in Fig. 1 The energy deposition by the secondary electrons is given by the product of the electron density and the electron stopping power. Moreover, the electron stopping power for Si and SiO2 were thought to be very similar.
From the above qualitative argument it can be deduced that for thin oxides the dose in SiO2 is very nearly that in the adjacent Si.
Hole Production by Low Energy Electron
The above analysis for the energy deposition in quite thin oxides is plausible and is in accordance with the predictions of cavity theory.6 However the work of Ashley and Anderson4 cast doubt on this reasoning for the case of thin oxides in a Si/SiO2/Si sandwich.
The problem is not that cavity theory is fundamentally wrong but, rather, that the implicit assumption that electron stopping powers are only slowly varying functions of atomic number is incorrect in this case. of secondary electrons, and that secondary electrons tend to be of substantially lower energy than the primary electron which produced them.
As additional support for the methods of Appendix A, it should be noted that the results of Table I suggest an effective hole formation energy of 15 eV. This is in fair agreement with experimentally obtained values and with the calculations of Ausman and McLean.7 The calculations of Ausman and McLean make the assumption that almost all energy loss is to plasmon generation. In contrast, the calculations of Appendix A attempt to apportion energy loss between plasmon generation and direct electron-hole generation.
Enhanced Effects in MOS Devices
It is necessary to estimate the magnitude of the change in radiation induced effects in MOS devices caused by non-equilibrium dose deposition processes. In Ref. 1 this was done by calculating the absorbed dose enhancement factor.
The average absorbed dose enhancement factor in a SiO2 layer is defined as the average absorbed dose in the layer divided by the equilibrium absorbed dose, where the equilibrium absorbed dose is the absorbed dose in a layer which is sufficiently thick that it is essentially free of the effects of adjacent materials.
The results of the calculations of Ref. 1 for a Si/SiO2/Si sandwich are shown in Fig. 3 (solid line ). An important modification of the enhancement factor will be adopted in the present paper. An enhancement factor for a SiO2 layer will be defined which is the average energy deposited in holes in the layer divided by the energy which would be deposited in holes under equilibrium conditions.
The principal distinguishing feature of this enhancement factor is that it specifically excludes from consideration energy deposition by electrons The circles show enhancement of the deposited in holes calculated using methods of this paper.
which are of too low an energy to produce electronhole pairs. Such electrons lose energy principally to the production of phonons. This definition of an enhancement factor corresponds to the tentative assumption that the energy deposition by such subexcitation electrons is of no importance to the production of radiation induced interface states and trapped holes in MOS devices.
The calculation of this hole production enhancement factor has been performed using electron transport codes which are based on those codes described in Ref. Calculations were performed beginning with a monochromatic incident beam of 8 keV photons.
The resulting primary and secondary electrons were followed down to between 9 and 10 eV, and the energy deposited to hole production was determined. Calculations were performed for Si/5i02/Si sandwiches with oxide thicknesses of 28 and 46 nm.
In addition, a calculation was performed for a pure SiO2 specimen (no adjacent Si layers) to provide the equilibrium value for energy deposited to hole production.
The results of calculations of the hole production enhancement factor obtained using the transport code calculations is shown in Fig. 3 (circles) . The dashed line through the experimental points has been added to guide the eye, and is speculative at this point.
It will be noted that these hole production enhancement factors are about 20% lower than the average absorbed dose enhancement factors from Ref. eV were treated in two steps.
Step A: Secondary electron production was also considered, and appropriate numbers of secondary electrons were added into the electron bins at 3162, ..., 10 eV.
Step This number was used except for hole production by 13 eV and 10 eV electrons, where the minimum hole production energy of 9 eV was used. This number is in accordance with the SiO2 band gap.
APPENDIX B -MODIFICATIONS TO THE TEP TRANS-PORT PROGRAM
The TEP transport programs are a series of programs which handle electron transport, x-ray generation, and x-ray deposition. 1,13,14 These programs handle electron transport by using a numerical solution of the Boltzmann equation.
The materials being treated are modeled as a sandwich, i.e. a stack of planar slabs.
The TEP6 and TEP7 programs have been used as reported in Ref. 1 to calculate energy deposition, and thus absorbed dose enhancement. For the present paper a new program, based on the TEP7 program, has been produced in order to track energy deposition down to the minimum hole generation energy in SiO2.
The TEP7 program already had the ability to accept, as input to the electron transport process, a file containing electrons of an arbitrary number of energies. Because of the existence of this mechanism it was straightforward, in principle, to modify the program to handle secondary electrons. The transport process begins with the electrons of highest energy and, as the electrons lose energy, additional electrons of increasingly lower energy are introduced from the electron input file until it is emptied. As secondary electrons are generated they are put into the electron input file, to be re-introduced into electron transport when the transport process has dropped to the appropriate energy. 
